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1. INTRODUCTION

The performance of infrared sensing systems mounted on low-earth-orbit
plattorms can be degraded by contaminant gases that originate from the ambient
atmosphere or from the platform itself‘.1 Two mechanisms that seriously
interfere with sensor design performance are (1) condensation of contaminants
on the cryogenically cooled optical elements of the sensor telescope, and
(2) radiation in the sensor field of view from infrared-active contaminant
species. The second of these effects is treated in this work. Simple
analytical models are developed for estimating order-of-magnitude radiation
levels. The models are developed with the Space Shuttle as the space
platform, the CIRRIS 1A earth-limb-scanning telescope as the sensing system,'
and H,0 as the contaminant species, but the methods can be readily applied to
other situations.

Water is one of the most important of the contaminant species generated
by the Shuttle. Outgassing from the exterior Shuttle surfaces and bay area,
thruster firing, and venting from the Shuttle interior all contribute to
ejection of H,0 molecules. The principal infrared emissions from Hy0 occur in
the 2.7-um and 6.3-um regions and arise from the vibrational stretching and
bending modes, respectively. Spectroscopic parameters used in this work are
listed in Table 1.

'The CIRRIS 1A program is being carried out by the Air Force Geophysics
Laboratory, Hanscomb AFB, Mass. There is no formal reference to this

program. Instrument specifications were obtained from CIRRIS 1A Critical
Design Review, Space Dynamics Laboratory, University of Utah, Logan, UT (27-28
April 1983). The predecessor project CIRRIS is described in Ref. 2.
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Table 1. Spectroscopic Parameters for Hy0

Mode
Parameter Bend Stretch

A 6.3 2.7
ve 1600 3760
a¢ 19 83
A, 0.3
B 27.3

14,6
_ 9.5
B 17.1
w 310 260

A, = band wavelength gum)

vo = band center (cm™ ') :
A = vibrational transition probability (sec?')
A, = rotational transition pro?ability (sec™ 1)
B = rotational constants (cm™')

B = average rotational constant (em™1)

w = mean emission bandwidth at 300°K (cm™')

Three relatively separate mechanisms for the excitation of molecular
vibration (and hence infrared radiation) can be heuristically identified: (1)
Molecules ejected from Shuttle surfaces can carry a degree of thermal vibra-
tional excitation characterized by the surface temperature. (2) After
ejection, H,0 molecules can be vibrationally excited by absorbing solar or
earthshine radiation. (3) H,0 molecules may be vibrationally excited in
energetic collisions with ambient atmospheric species (primarily oxygen atoms
at Shuttle altitudes of 200 to 600 km). The energy of excitation here derives
from the orbital speed of the Shuttle through the atmosphere, v, = 8 km/sec.

This paper begins with a discussion of the CIRRIS 1A sensors, followed by
two sections that treat the radiation models. In section 3, expressions are
derived for the total power radiated by ejected H,0 molecules into the sensor
apertures; section 4 considers the spectral efficiency of the sensors for
detecting this radiation. Sections 5 and 6 discuss the magnitude of H,0
ejection from the Shuttle and present the results.
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. 2. CIRRIS 1A SENSORS

- The sensors of CIRRIS 1A include an interferometer spectrometer and a
multifiltered radiometer capable of sensing H,0 radiation at 2.7 and 6.3 um.
The average operating capabilities of the sensors are summarized in Table 2.

Table 2. Sensor Optical Parameters

Interferometer

a = 161 cm2

g = 1.0 x 1074 sr

Zs=13m

Av = i cm”

NESR = 6.8 x 10”2 W/em®-sr at 2.7 wm

NESR = 2.6 x 1013 w/em2-sr at 6.3 um
Radiometer

a = 184 cm2

a2 = 1.5 x 10°% sr

Zg = 10 m

Av = 4000-2940 = 1060 cm™! for 2.7-um filter
Av = 1670-1090 = 580 cm™' for 6.3-um filter
1.5 x 10719 y/cme-sr for 2.7-um filter
2.6 x 10~ W/eml-sr for 6.3-um filter

ﬁ =

m
L W
= - ]
nwoon

= effective entrance aperture area

= field of view

= dividing point between near and far field of sensor
= spectral resolution

= noise-equivalent sensor radiance

" "’..nl‘ '&"f-'-‘« 0“""?*"&'-‘?"'. -"."'i?a."‘,"‘?t‘ o o"’o'!’-'l’o".-o g o"?t‘D’o'df"l’e"m"‘.l"’i’\‘.; l‘.g“!\"to"‘
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Photon detection by the sensors differs depending on whether emission :
ocecurs in the near field or far field of the sensor. For a source on the
)
optical axis, an emitted photon will be detected only if it enters the sensor ,.}:.l
aperture at an angle less than a = (Q/n)”z. This is the half-angle of the ';,
t
field-of-view cone . Photons emitted from a distance greater than '!::f
zZg = (a/ﬂ)”2 will, of necessity, do so at an angle less than a if they are to ,
be detected. This is the far field, and the probability that a photon from an .'.,‘
J
isotropic emission source is detected is "::
\
)
[ ]
1 2 1/2,_ 1 a W
p(z) = 3[1-2/(2" + a/x) "%)= = =5 (1a) )
z :
it
Hb
The approximate form above is good to better than 1 percent when @ < (.042 sr
'i
and is used here. Photons emitted from a distance less than zg will be ) r
detected only if they emit into a solid angle @ directed toward the senscr. :::::
el
For an isotropic source, the probability of detection in this near field is ::'.:c
b
then »
a
Ko
2 X
p(z) = I (1b) ::q':a
bgat-t
a
Later, this probability will be neeced for a source that is extended exponen- , :i
R
tially along the optical axis; that is, a source whose strength varies as m
e ?/L unere L is the mean emission distance. The average of p(z) over the -
exponential distribution is i:'.:i
1) .‘.
0::;:
.:hl%
0¥
_ o e-z/L a 1:..r
p=[ p2) dz = = F(a) (2) X
(¢} . "91«-.
(X3
ﬁ':*
N
':‘;'.'
- ‘0:“:
X
. 1
8
h
h‘.:\
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1.0

N where
a = [-1- (a/ﬂ).‘/2
F(a) = 1-e % + a Ez(u)
E2(°‘) = exponential integral
3
] F(a) is plotted in Fig. 1. The asymptotic limits are F(a) ~ 2a as a » O

(far-field limit) and F(a) ~ 1-2¢ %/a as a + « (near-field limit).

2x

B n

1-2¢e7¢
(8

| — FAR TIELD [ NEAF!| FIELD —\
O0 1 2 3 4
a = z./L

Fig. 1. Photon Detection Function.
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3. RADIATION MODELS )
)
- g
A model of radiation contamination consisting of three relatively ﬁ:
separate molecular excitation mechanisms was developed (Fig. 2). For each fzf
contribution, the initial step is the ejection of a water molecule from the -
» \J
Shuttle surface. The molecule is assumed to originate from a point source, to »
be ejected uniformly into the 2n hemisphere containing the sensor field of '::‘
Aot ¢
view, and to not interact with any other ejected molecules. The ejection Jﬁz
speed is taken as constant and equal to the mean molecular speed at the
AN
temperature of the Shuttle environment, :Qﬁ
N
cﬁb
it
et
- 1/2 (3) oA’
Ve = (8RTS/wm) g
._.:.
Y
o8}
Here, a Shuttle surface temperature of TS = 300°K is used, and gives Ve = '.@
- 5.9 x 10“ cm/sec for a molecular mass of m = 18 g/mole. R is the gas constant g
8.3143 « 107 erg/°K-mole. The error introduced by using this mean-speed ;é"
R,
approximation rather than the full velocity distribution around the mean speed J:

was estimated to be less than 20 percent. For this ejection model, the H,0 5:"
number density around the point of ejection is

n(z) = (4) $$

<
21rvez .‘cl

where z is the radial coordinate and M is the molecular ejection rate into a b

]
hemisphere (molecules/sec). The magnitude of M is considered in section U. e

The radiation mechanism treated in 3.1 involves a water molecule that is
vibrationally excited at the Shuttle surface, is ejected from the surface, and AN
subsequently radiates by spontaneous emission. At the ejection velocity rﬁ

. quoted above, and with the transition probabilities of Table 1, the :‘":f

¥ o
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Fig. 2. Radiation Contamination Contributions.

Emission by molecules excited (1) at
Shuttle surface, (2) by solar and earth-
shine radiation, (3) by collisions with
atomic oxygen,
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.
o
- characteristic length for radiation by H,0 is 7 to 30 m. This dimension is s
comparable to Shuttle dimensions, but large enough to ensure that the !
o
assumption of a point source of ejection does not introduce an error of more ;
. 0
than a factor of ~ 2. The radiation mechanism discussed in 3.2 involves 5
collisions of ejected Hy0 molecules with ambient atmospheric species. At the Q.
lowest Shuttle altitude considered here (200 km), the ambient mean free path -
is L = 240 m. 1In the time that it takes an ejected molecule to travel this ;(
distance through the ambient atmosphere at orbital velocity Voy it will move a )
distance Ly = (vo/v )L = 18 m from the source. Again, this distance is 2
comparable to Shuttle dimensions so that the point source assumption is no t‘
L
worse than factor of ~ 2 in accuracy. At an altitude of 300 km, the point K
source assumption introduces negligible error for this radiation mechanism.  ‘
%
3.1 RADIATION EXCITATION MODEL ',
0
[ 'f
The principal mechanism for exciting radiation in this model is the ﬁ
absorption and reemission of solar and earthshine radiation. The solution &
. below for this mechanism is obtained by solving a first-order differential 'ﬁ
equation. The boundary condition required to complete the solution is the 5
degree of vibrational excitation at the Shuttle surface; thus, this model ‘é
1
! accounts for two of the heuristic radiation contributions. ’4
ol
%
In this model, a vibration-rotation emission band is treated as arising 3
from a simple two-level system representing the upper and lower vibrational s:
levels of the transition. No account is made here of the distribution over ::.'
I‘
rotational levels that establishes the width of the band. Considerations on fn
bandwidth are made in the next section. The rate equations governing the X
relative populations of the upper and lower level in a radiation field are 'Q
|:¢
‘C'
O
dn, 2n, %
Velgz * 7)) = = mGyp * Nl ;
o
bt
(5) v
3
dn 2n «
0, 0y, o
Velgz * =) = ™Gy - ngBoy
o
’ 13 :c:
"
s}
"
¥
Q:,
(3
o
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- g
)
3
where n,(z) and ng(z) are the upper and lower level densities and v, is the '0.:
’ ¢
ejection velocity. These equations are written in spherical coordinates with ::‘s
L}
the point ejection source as the origin and z as the radial coordinate. g:ﬁ
L
The coefficients G4y and Gy are defined in terms of the spontaneous -‘:
transition probability A of the upper level and the incident radiance F, by ‘,:;
G01 = CA ‘.-l
v
Gyn = (1+4C)A e
10 )
3]
23 %
€ = F_/2hc v (6) %
“
where v is the level separation wavenumber. The degeneracies of the upper and !
lower levels have been taken as unity. Ggyq accounts for absorption; Gy ‘c:-
accounts for both spontaneous and stimulated emission. ‘
The incident radiance contribution from solar radiation is approximated ,f'g
by X
MY
o
A
a ;]
Fg = g, B(v,T) (7 Ef
c"f
.:g
(A2
where Qs is the solid angle subtended by the sun from the earth (6.79 x 107 &
sr) and Ts is the effective surface temperature of the sun (6000°K). B(v,T ) ::;
is the Planck radiation function (W/cm2-sr-cm™') 3
uz:i
0
l'f
Bv,T) = 200 (8) ?
1) = Thew/kT_ TR
|‘|.
N,
Y
- ":.
The earthshine contribution to F is approximated by ‘05’.'
R
14 i
"
Ul
O
A
2y
N
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R .
F, =2 B(v,Te)[1-{1-(-—9-)2}"2] (9)

. e - Re+h

where 'I‘e is the earth surface temperature (300°K), Re is the earth radius
(6368 km), and h is the Shuttle altitude. The expression in square brackets
accounts for earth curvature. For nighttime calculations, F, = F,; for
daytime calculations, Fj = F, + Fg.

With the conservation condition ny(z) + ng(z) = n(z) and the boundary
condition ny - n? and ng -~ ng as z - 0, the solution of the rate equations is

n,(z) = n(z) [1fzc
. (po - 1E2c] e-(1+2C)A2/Ve]
(10)
1+C
no(z) = n(2) [3g
_ (po _ 152(:] e-(1+ZC)AZ/Ve]

where LI n?/(n? + ng). For all cases considered here, the level separa-
tion v is large enough that C << 1 and Py << 1. Then,

-Az/ve
n,(2) « n(z) [C + (p -Ce ]

ny(z) = n(z) an

The range over which the equilibrium concentration of ny changes from the
value described by the boundary condition % to the radiative equilibrium
value C is Az/vy = 7 to 30 m.
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With this result for n,(z), the actual radiation model can be formulated

1 2
N =2 £ n,(z)A hev p(z)az® dz

density of excited molecules (1/cm3) - Eq. M
spontaneous transition probability (1/sec) - Table 1
photon energy (J)

detection probability - Eq. 1

elemental emission volume (cm”)

sensor entrance aperture area (cmz) - Table 2
sensor field of view (sr) - Table 2

radiance (W/cm“-sr)

p(g)

a
2
N

Evaluation of the integral yields

1
;5- (QS+QR)
s

F(a) o
[2a - F(a)] C
zsA/ve

_ (3/0)1/2

QS measures the contributions from excitation at the Shuttle surface. Qg
accounts for excitation by absorption of solar and earthshine radiation. F(a)
is the sensor function defiined in Eq. (2). o is the degree of excitation at
the Shuttle surface
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3.2 COLLISION INDUCED RADIATION

Contaminant radiation can be produced by energetic collisions between the

ejected HyO molecules and ambient oxygen atoms (assumed to be the sole
constituent of the atmosphere at Shuttle altitudes). The distribution in
distance from the Shuttle where these collisions occur is taken as
exponential, with mean collision distance equal to the ambient atmospheric
mean free path scaled by the velocity ratio Ve/Vo (see last paragraph of
section 3). The ejected molecules are assumed to thermalize with the
atmosphere at first collision -- that is, the H20 molecules come to rest with
respect to the atmosphere and assume its translational temperature. The mean
free paths and temperatures for the U.S. Standard 1976 model atmosphere are
taken from Ref. 3 and shown in Table 3.

Table 3. U.S. Standard Atmosphere,19763

h n T L
200 7.18(9) 855 0.24
300 6.51(8) 976 2.6
400 1.06(8) 996 16
500 2.19(7) 999 77
600 5.95(6) 1000 280

h = altitude (km)

n = number density (cm'3)
T = temperature (°K)

L = mean free path (km)
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The single-quantum approximation is also invoked so that only one photon (at
most) is allowed per ejected H,0 molecule, even though the relative energy of
motion at the collision speed of v, = 8 km/sec is €, = 4.5 « 10-12 erg and is
sufficient to generate up to 6 photons in the 2.7-um band and 14 photons in
the 6.3-um band.

The actual probability per collision Pe for photon production was derived
using vibrational excitation cross sections from the quantum mechanical
calculations of Johnson.u Results obtained with a classical trajectory
calculation give results that are higher than these by a factor of 2.9 for the
upper level of the 6.3-um band and 15 for the upper level of the 2.7-um
band.u’s. With Johnson's cross sections and the hard sphere collision cross
section o = 6.0 «x 10713 cm? deduced from the U.S. Standard 1976 atmosphere,
the excitation probabilities at the relative collision speed of 8 km/sec were
found to be

0.001 2.7-um band
¢ = 1

P 0.012  6.3-um band (15a)

Results are also presented using the classical cross sections because these
are widely used in Air Force Systems studies. The resulting probabilities are:

_ (0.012 2.7-um band
Pe = {0.035 6.3-um band (15b)

The collision induced radiation is modeled by
-z/Le

. 4 Ma e
N = — £ 5, Po hev p(z) L, dz (16)
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x
o
~
n
H
I

number of molecules ejected into sensor field of view per
unit time (1/sec)

hev = photon energy (J) '
p(z) = detection probability - Eq. 1 vt

i dz = probability of collision in dz at distance z from point 0
e ejection source "

Pe = probability of photon excitation in collision - Eq. 15 59
a = sensor entrance aperture area (cm2) - Table 2
Q = sensor field of view (sr) - Table 2 ol
2-sr) 1

N = radiance (W/cm

In this formulation, it is assumed that the number of H20 molecules that are
collisionally excited in the sensor field of view, but which move out of the
field of view (by deflection on collision) before they radiate, is balanced by i,
the number of molecules that are excited outside the field of view and move in e
before they radiate.

Evaluation of the integral gives s
N=nBe 1og (7
2 22 C
s

where e

(=)
"
]
-~~~
e
g
©
Q
T

c
®
t
~~
<
®
~
<
°
S’
-
X

N

[}
—~
n
~
0
~—

19 !

&
* LRARAXY) G J K ¥ D0 . [} ARUR IS AN
N OO0 OO SO A PN (K X O R S G O O R i DN P AN G A SR OO IOOD OB NN



4, EMISSION BANDWIDTH

The foregoing radiation models give the total power radiated into the
sensor aperture but do not account for the overlap of the emission bands and
the spectral response of the sensors. To estimate the spectral detection
efficiency, the emission bands were approximated as rectangular and described
by their band center Vo and full width w. The band centers are given in Table
1.

The emission bandwidth varies with the mechanism responsible for es -ab-
lishing the rotational population distribution of the excited molecules. For
molecules excited at the Shuttle surface, emission widths appropriate to
thermal emission at 300°K were computed from H,0 absorption band model para-
meters from NASA6 and from band model parameters derived from the Air Force
Geophysics Laboratory atmospheric line compilation.7 The two resulting sets
of widths are not entirely consistent, and both results are listed in Table
4, The widths were calculated from

w = [ k(v) dv J2/ficP(v)dv (18)

where k(v) is the absorption band model parameter and the integrations extend
over the full width of the band.

The effective emission widths of H,0 molecules in radiative equilibrium
with solar and earthshine radiation were estimated from results obtained in a
separate ongoing program. Briefly, Hy0 was modeled as a system of
three 1: vibrational levels set up to approximate the lowest energy bending
and stretch modes of vibration. A single rotational constant of 17.1 em™!
(average of the three values for H,0) was assigned to each level. The only
transitions allowed between the levels were those of spontaneous and induced
emission and absorption within P and R branches of the vibration-rotation
band. Both upper levels were connected to the ground level, but the two upper

21
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levels were not connected to each other. Also, within a given vibrational ﬂh

level, rotational levels were allowed to mix only by spontaneous and induced .;;
Q

emission and absorption within the pure rotation band. The spontaneous '$:
0

emission probabilities of Table 1 were used. sf;

$
This system was then placed in a radiation field that approximates solar =

and earthshine radiation, and allowed to come to equilibrium. The sun was “q

approximated as a 6000°K blackbody sphere of solar radius located 1 AU away. b

The earth was approximated as a 300°K blackbody sphere of earth radius. The bff

t

model H,0 molecule was situated at an altitude of 300 km above the earth. i“

Using the equilibrium rotational populations that resulted, emission spectra .
4

for the two vibration-rotation bands were generated. Effective widths of ?ﬁ
t

these bands were computed as in the thermal case above (Eq. 18), but with line 15:
4

strengths replacing the absorption band model parameter. The widths are N

tabulated in Table 4. For comparison, the temperatures TR implied by these o
\)

widths (had the rotational population distributions been thermal) are also - i&
d

tabulated. e
i}

2

Table 4. Emission Bandwidths o

o

!

1 M

T (°K) w(cm ) ’\“bi‘

R !*"i

Excitation Kk

mechanism 2.7-uym band 6.3-uym band 2.7-um band 6.3-um band v

e

W

Shuttle surface 300 300 260(1) 310(1) 0
(X1

315(2) 375(2) R

;Oil

Earthshine 160 160 250 250 X

Wt

o

e

Earthshine + sun 190 160 275 250 g

4 ) ‘?

Collisions ~5 x 10 1000 » 4000 K

i

:v:i

- .-,i,

(1) with Infrared Handbook data (Ref. 6) o

(2) with AFGL line data (Ref. 7)

%%,

::a:

(3
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The estimation of band emission width for radiation induced by energetic
collisions with O atoms is the hardest case. The range indicated in Table 4

(1000 » 4000 cm‘1) results from a number of estimation procedures. The
largest value results if it is assumed that w scales as T”2 and that the
effective collision temperature is ~ 5 x 10“ °K (a value that corresponds to a
collision velocity of ~ 8 km/sec). This is an unrealistically large value.
The lowest value results from a heuristic calculation that places the maximum
orbital velocity of the H atoms in the rotating H,0 molecule at the
interaction velocity of 8 km/sec. A middle value of ~ 2800 em™! was obtained
using the classical mechanics result of Kolb and Elgin8 on the transfer of
translational to rotational energy in energetiec collisions.

For simplicity, and within the quantitative bounds used in this work, the
values w = 260 and 310 cm'1 were used for the 2.7- and 6.3-um emission bands,
respectively, for all cases except collisions with 0. There, the value w =

1000 cm'1 was used for both bands.

With these widths, the fraction of emission occuring within the spectral
bandpasses of the CIRRIS 1A sensors was computed. For the spectrometer
(assuming that Av is located within the band), this fraction is f = Av/w. For
the radiometer, f is the area of overlap between w and the radiometer bandpass
divided by w. The results are given in Table 5.

In use, the values of Qg» Qi and QC occuring in the radiation models,
Egs. (13) and (16), are replaced with Qsfps Qpfy and Qcf, respectively.

Table 5. Spectral Detection Probabilities

Excitation Interferometer Radiometer
mechan ism 2.7-um band 6.3-um band 2.7-um band 6.3-um band
Radiative
or thermal fp = 0.015 0.013 1.00 1.00
Collision fo = 0.004 0.004 0.74 0.57

23
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5. WATER OUTFLUX

The intensity of observed radiation predicted by these models is directly
proportional to the rate of ejection of H50 molecules from the Shuttle
environment. To estimate this rate, the data reported by Carignan and
Miller9’1o for Shuttle mission STS-4 were used. Most of the measurements were
made with a collimated mass spectrometer looking out from the Shuttle bay and
sensing the return flux of HZO to the Shuttle. The return flux is assumed to
arise from collisions between H20 ejected from the Shuttle and ambient
atmospheric oxygen atoms. The envelope of return flux data for 140 hr of the
mission is shown as the shaded regions in Fig. 3. The calibration constant is
10“ counts/sec = 2.1 x 1013 molecules/cmz-sec.

Three features are of significance: (1) the width in count rate of the
envelope, (2) the strong modulations that occur at MET (mission elapse
time) = 25, 55, 75, 95 and 115 hr, and (3) the overall decreasing trend of the
data with time. The decreasing trend and width of the envelope were analysed
by drawing the two curves shown on the figure. This is assumed to be the
trend of the return flux if the strong modulation did not occur. After
subtracting the instrument background count rate, the curves were fitted to
double exponential functional forms to obtain

Fy (£) = 6.0 x 1013 %59 , 2.9, 102 ¢ t/5H

12 e-t/6.8 12 e-t/26

FL(t) = 9.6 x 10 + 1.4 x 10

where t is in hours and F is return molecules/cm2

-sec. These results indicate
a relatively fast initial ejection rate (time constant ~ 6 to 7 hr) that lasts
for ~ 20 hr, followed by a slower rate with a time constant of order 1 to 2

days.
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Fig. 3. Envelope of H20 Return Flux Over
the Duration of Flight of STS-U
(from Ref. 9).
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These two curves are separated by a factor of 6 to 30 depending on time (,

(the larger value occuring later). This separation, and the corresponding %

. separation between the upper and lower bounds of the envelope of the actual X
data, is interpreted as caused by the variation of angle of attack between the :k

mass spectrometer axis and the ambient free-stream velocity vector. The upper ) ’g

boundary corresponds to looking directly into the atmospheric wind (¢ = 0) -
where the return flux by scattering is largest; the lower curve corresponds to "]
! looking at ¢ = 90° or greater to the wind. The separation factor of 6 to 30 ,;
corresponds well with factors deduced from theoreti.al analyses. From the ;%

u Monte Carlo model of Bird,11 the separation factor between ¢ = 0 and 90° pre- ]
dicted for the STS-4 flight conditions is 5.3. ;'..':E
The cause of the large spike modulation is not clearly estavlished. In 5§
the 1983 report of these results,9 the spikes were attributed to large motor 4

firings on the Shuttle or to a payload door closing eveut (indicated by RCS d
and PLBD on Fig. 3). Other measurements,12 however, show a near instantaneous Z!

decrease of return flux when Shuttle motors are turned off. Here, except ‘or ~é

. the event at 25 hr, a decay time of several hours is displayed. The most 25

recent published discussion of these data'0 raises the possibilities of

"instrumental artifact” and "outgassing over Shuttle surfaces" as explanation N
for the long decay times. ;Y

Another explanation is that it is the strong peak structure, rather than °

the width of the envelope, that reflects the dependency on angle of attack A

with the atmospheric wind direction. This interpretation is not vsed here. ‘;

One feature of the peaks is the near 2U-hr periodicity of the peaks, o

suggesting that the peaks may arise from some daily vent activity by the \
Shuttle crew. i

Whatever the cause of the strong modulation and slow decay, it is treated 3%

here as real and not as an instrumental artifact. The peak value of the ﬁg

return flux for each of these events is listed in Table 6.
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B Table 6. Peak Fluxes for Spike Events W
\ > ':
b F(molecules/cm®-sec) 8
M MET M )
# (hr) Return Ejected (molecules/sec)
)
N}
25 9.6(12) 6.5(14) 2.0(21)
K 55 1.0(14) 6.8(15) 2.0(22)
Kn 75 6.2(12) 4.2(14) 1.3(21) «
:, 95 2.6(14) 1.8(16) 5.3(22) -
) 115 5.0(12) 3.4(14) 1.0(21) L
#
X 0
! For the very short period from MET = 45 to 48 hr, direct measurements of $
$ H20 flux away from the Shuttle were made. The mass spectrometer was lifted
F out of the bay with the remote manipulater and positioned to look back at the
X Shuttle bay area. Data obtained in this mode are shown in Fig. 4. The dashed N
: lines indicate the range of instrument count rate measured and correspond to
' 2.2 x 1013 to 4.5 x 16'3 molecules/cm-sec. The large off-scale spikes are 3
5 attributed to thruster firings. The maximum return flux that would have been .
measured during this time Is F, = 1.2 « 1012 molecules/cmz-sec. The ratio of T
I Y
) the average outflux to maximum return flux is then ~ 30. This number compares .
i well with the value ~ 68 deduced from the Monte Carlo scattering model of d
N Bird'! for this condition. A
. From these data and the Monte Carlo scattering model, the following H O
'
o ejection history is constructed. The underlying Shuttle ejection rate is taken :
R as the upper bound of the unmodulated return flux multiplied by the out-to- k-
‘ return-flux ratio 68 and a 1/2-Shuttle area of 3 x 10® cm®. The result is (M .
in molecules/sec, t in hr): .
Y 4
1’. 4]
)
Ry g
- - |}
: M= 1.2 x 102 e7Y39 L 5.9 . 1020 ¢ t/3H y
g8 ;
e The peak ejection rates are obtained with the same conversion factors and are )
. t
; listed in Table 6. A decay time of 5.9 hr is assigned to each spike.
: N §
"
N 28
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The integral of M (including peaks) over all time indicates a total
release into 2= steradians of 2.0 x 1027 molecules (60 kg or 130 1b). The

average ejection rate over 140 hr is Mz 4.0 x 102 molecules/sec. The average

,a!ﬁz:-"

ejection rate over 140 hr, not including peaks, is 7.3 «x 1020 molecules/sec.
The ejection rate at 5.9 hr after the largest spike (at 95 hr) is 2.2 «x 1022
molecules/sec. The peak rate itself is 5.3 x 1022 molecules/sec. Thus, CIRRIS

-
..

3%

1A may have to operate in an environment where the ejection rate of Hy0 varies
from 1020 to 1023 molecules/sec.

KT T T 1T 7T 11
H,O DURING

CONTAMINATION

skl-  SURVEY

6K}

4K} STS-4

3K

COUNTS/0.2 sec

2K

1K~

oLl l— 1 4 1 b L] -
MIN4050:0010 20 30 4050:0010203040 50:0010 2030 4050:00 ol
HR 44 45 46 47 48 ol

MET, hr X3

Fig. 4. Measurement of H,0 During Flight of STS-4 (from Ref. 9). ‘S:
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6. RESULTS .

The results of applying the radiation models in the Shuttle altitude )
range from 200 to 600 km are presented in Tables 7 and 8 for the 2.7- and bt
6.3-um bands. The contributions from Shuttle excitation (S), radiation
exclitation (R), and collisional excitation (C) are individually tabulated.

The entries are signal-to-noise ratio (STN), where the noise is the NESR of

the CIRRIS 1A sensors listed in Table 2. The molecular ejection rate is M = ég
1 molecule/sec into 2w steradians. In calculating the collisional

contribution, both the quantum mechanical cross sections of Johnsonu and the }‘
classical cross section results were used, although only the results with ’i‘

Johnson's results are shown in the tables. The classical cross section
results may be obtained by multiplying the C column by 15.0 for Table 7, by 1
2.92 for Table 8, and resumming for the total contributions.

A few general conclusions can be drawn from these results. In the 2.7-um f‘
band, the contribution (S) from the initial vibrational energy carried from o,
the Shuttle can be ignored. This might not be the case, however, for a higher
Shuttle environment temperature (if the side of the Shuttle containing the 3

sensor field of view were sunlit, for example). During the day, the radiation gf
induced (R) and collision induced (C) contributions are each important, with 3ﬁ
the former dominating at the higher altitudes and the latter dominating at the !!
lor~ w1t itudes. At night, the collision induced (C) contribution dominates at ;E
& Ltitudes. In the 6.3-um region, all three contributions are comparable i

-
T

for day r night conditions.

-

In Figs. 5 and 6, results for a moderate H20 ejection rate of M =

<
1021 molecules/sec are shown. The quantity plotted is 1 + STN(M) versus ﬁs

Shuttle altitude. These results show that detection in the 2.7-um band will %?

not be impaired at any Shuttle altitude if the collision cross sections for ‘;

inducing radiation in O + Hy0 collisions is as small as the quantum mechanical S

calculations indicate. If the classical cross sections are more accurate, the JE

effective noise level of the sensors may be increased by a factor of 1.2 to 5 9&

: at the lowest Shuttle altitude (200 km). For the 6.3-um band, a constant :V
W
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impairment is maintained at all altitudes due to the absorption and reemission
of earthshine radiation (R). The effective noise level of the radiometer is

increased by a factor of ~ 1.2, while the level for the interferometer is .
increased by ~ 5. At lower altitudes, these levels are further increased by ﬁ
the effect of collision induced radiation (C). At 200 km, the effective noise |:!L

levels are increased by a factor of U4 for the radiometer and 100 for the

interferometer. Corresponding results for larger ejection rates can be '.'4
constructed from the results of Tables 7 and 8. :‘0'
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Table 7. STN ratio for 2.7-um Band at M = 1 Molecule/sec Ko
e
h(km) 5 R(day) R(night) C I(day)  I(night) v
3

Interferometer et

200 1.8(-26) 1.3(-23) 1.9(-26) 2.3(-22) 2.4(-22) 2.3(-22) A
300 1.8 4.6(-23) 5.8(-23) 4.6(-23) o
400 1.7 7.5(-24) 2.0(-23) 7.5(-24) o
500 1.6 1.6(-24)  1.4(-23) 1.6(-24) A
600 1.5 4.3(-25) 1.3(-23)  4.6(-25) e
..'

Radiometer @
]

200 7.6(-28) 5.7(-24)  8.6(-27) 3.8(-23) 4.4(-23)  3.8(-23) o
300 8.0 2.3(-23) 2.9(-23) 2.3(-23) o
400 7.5 6.5(-24) 1.2(-23) 6.5(-24) !
500 7.1 1.5(-24) 7.2(-24) 1.5(-24) ot
600 | 6.7 §.1(-24)  6.1(-24)  4.2(-25) b
o
S = Shuttle excitation; R = radiation excitation; :::'E
C = collision excitation; I = total contribution. )
et

l_!

- Table B. STN ratio for 6.3-pm Band at M=1 Molecule/sec “'
¢

s

h(km) S R(day R(night) c z (day) £ (night) ‘::::

o

o

Interferometer o
200 2.8(-21) 1.7(-22) 7.3(-22) 3.1(-20)  3.4(-20) 3.4(-20) ;,‘vé

300 7.2 6.8 6.1(-21)  9.6(-21) 9.6(-21) 0

400 6.8 6.3 1.0(-21)  4.5(-21) 4.5(-21) i

500 6.5 6.0 2.1(-22) 3.6(-21) 3.6(-21) i

600 6.0 5.7 5.7(-23)  3.4(-21)  3.4(-21) o
Radiometer .:,.3.
200 5.9(-23) 1.4(-22)  1.4(-22) B.7(-22) 1.1(-21) 1.1(-21) "t

300 1.4 1.3 5.2(-22) 7.2(-22) T7.1(-21) W

400 1.3 1.2 1.5(-22)  3.3(-22) 3.2(-21) ey

500 1.2 1.1 3.4(-23) 2.1(-22) 2.0(-21) !

600 1.1 1.1 9.3(-24) 1.8(-22) 1.7(-21)

P
o
S - Shuttle excitation; R - radlation excitation; o

C = collisional excitation; I = total contribution. '.:n::

‘ »
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LABORATORY OPERATIONS

The Aerospace Corporation functions as an “architect-engineer” for

national security projects, specializing in advanced military space systems. a.':
Providing research support, the corporation's Laboratory Operations conducts et
experimental and theoretical investigations that focus on the application of e
scientific and technical advances to such systems. Vital to the success of ":'::
these investigations is the technical staff's wide-ranging expertise and its ‘O‘g‘f
ability to stay curren: with new developments. This expertise is enhanced by :::l
a research program aimed at dealing with the many problems associated with _,:.::"

rapidly evolving space systems. Contributing their capabilities to the

cresearch effort are these individual laboratories:

Aerophysics Laboratory: Launch vehicle and reentry fluid mechanics, heat

transfer and flight dynamics; chemical and electric propulsion, propellant g
chemistry, chemical dynamics, environmental chemistry, trace detection; ;:"
spacecraft structural mechanics, contamination, thermal and structural A ,,'
control; high temperature thermowechanics, gas kinetics and radiation; cw and ‘)‘e‘

pulsed chemical and excimer laser development including chemical kinetics,
spectrogscopy, optical resonators, beam control, atmospheric propagation, laser
effects and countermeasures.

Chemistry and Physics Laboratory: Atmospheric chemical reactions, "
atmospheric optics, light scattering, state-specific chewical reactions and 1.‘6'
radiative signatures of missile plumes, sensor out-of~field-of -view rejection, "ltg’
applied laser spectroscopy, laser chemistry, laser optoelectronics, solar cell :Q.‘q

physics, battery electrochemistry, space vacuum and radiation effects on
materials, lubrication and surface phenomena, thermionic emission, photo-
sensitive materials and detectors, atomaic frequency standards, and L)
environmental chesistry.

Computer Science Laboratory: Program verification, program translation,

performance-sensitive system design, distributed architectures for spaceborne ::!
computers, fault-tolerant computer systems, artificial intelligence, micro- ';ll*
electronics applications, communication protocols, and computer security. ’ y

Electronics Research Laboratory: LMicroelectronics, solid-state device

physics, compound semiconductors, radiation hardening; electro-optics, quantum 'l:;:
electronics, solid-state lasers, optical propagation and comsunicattions; ".0,
aicrowave semiconductor devices, microwave/millimeter wave measurements, :'.l}
diagnostics and radiometry, microwave/millimeter wave thermionic devices; ,‘l’.
atomic time and frequency standards; antennas, rf systems, electromagnetic |:6"
propagation ph a, sp [ ication systems. 0."‘

Materials Sciences Laboratory: Development of new materials: metals,

alloys, ceramics, polymers and their composites, and new forms of carbon; non- bt
destructive evaluation, component failure analysis and reliability; fracture T

mechanics and stress corrosion; analysis and evaluation of materials at ‘:Q
cryogenic and elevated temperatures as well as in space and eneay-induced ) ‘i

environments.

Space Sci Laboratory: Magnetospheric, auroral and cosmic ray .]%
physics, wave-psrticle interactions, magnetospheric plasms waves; atmospheric ]
and fonospheric physics, density and composition of the upper atmosphere, o~

[ remote sensing using atmospheric radiation; solar physics, infrared astronomy, ;Q.‘(
infrared signature analysis; effects of solar activity, magnetic storms and ,' ¢
nuclear explosions on the earth's atmosphere, ionosphere and magnetosphere; .Qi:
effects of electromagnetic and particulate radiations on space systems; space ;‘t‘
instrumentation. *
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